The relative flow field in an automotive torque converter turbine was measured at three locations inside the passage (turbine 1/4 chord, mid-chord, and 4/4 chord) using a highfrequency response rotating five-hole-probe. "Jet-Wake" flow structure was found in the turbine passage. Possible flow separation region was observed at the core/suction side at the turbine 1/4 chord and near the suction side at the turbine mid-chord. The mass averaged stagnation pressure drop is almost evenly distributed along the turbine flow path at the design condition (SR 0.6). The pressure drop due to centrifugal and Coriolis forces is found to be appreciable. The rotary stagnation pressure distribution indicates that there are higher losses at the first half of the turbine passage than at the second half. The major reasons for these higher losses and inefficiency are possible flow separation and a mismatch between the pump exit and the turbine inlet flow field. The fuel economy of a torque converter can be improved through redesign of the core region and by properly matching the pump and the turbine. The Part of the paper deals with the design speed ratio (SR:0.6), and Part II deals with the off-design condition (SR: 0.065) and the effects of speed ratio.
year, even a small improvement in efficiency would result in significant fuel savings. The objective of this research was to improve the torque converter performance through improved knowledge of the flow field.
A typical torque converter consists of a pump, a turbine, and a stator, and it employs oil as the working fluid. The pump is connected to the engine crankshaft and converts energy from the automobile engine to fluid power. In contrast, the turbine extracts this energy from the fluid to the transmission shaft. The stator acts as a reaction member, which is placed between the turbine exit and the pump inlet. Its function is to redirect. the turbine exit flow back into the pump.. Some of the earlier investigations on torque converter are briefly described below. Browarzik (1994) used hot film to examine the unsteady flow field at the inlet and exit of a pump and turbine of a Fottinger type torque converter. Marathe et al.
(1997) measured the turbine exit flow using a high frequency response five-hole probe. Later, Dong (1998) measured the pump and turbine exit flow using an improved miniature five-hole probe. By and Lakshminarayana (1995) used pressure taps to measure the static pressure in the pump and turbine. Brun and Flack (1997a, b) used a laser velocimeter to investigate flow in the pump and turbine blade passages. A review of the investigations carried out by two groups: the University of Virginia and the Pennsylvania State University, and an assessment of the fluid dynamics of an automotive torque converter is given by Von Backstrom and Lakshminarayana (1996) .
None of the prior investigators, however, report detailed pressure and velocity field in the turbine rotor of a torque converter. The thrust of this paper is to bridge this gap. The novelty of this investigation is in the use of a rotating five-hole probe and the measurement of the flow field in the relative system. Compared with the pump and stator flow, the turbine flow has many complex features.
(1) The turbine passage has a large turning angle (124);
and due to this increased flow turning the curvature effect on the flow is large. (2) The turbine has a lower rotational speed than the pump, and the effects of the centrifugal and Coriolis force on the flow field in the turbine are smaller than that in the pump. Furthermore, the rotational effects vary with the speed ratio. Figure 1 . The turbine 1/4 chord location is mainly designed to assess the turbine inlet flow losses, the extent of flow separation, the pump blade wake decay, and so on. The mid-chord location is very important in understanding the dominant flow structure in the turbine passage to determine the major loss mechanism and flow 3/4 Ch%rd /.
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FIGURE
Cross sections of the troque converter used for rotating probe measurements. transport mechanism. The turbine 3/4 chord is not suitable for measurement because of the large blockage effect of the probe. At the turbine 4/4 chord, the stem of the probe is located outside the turbine passage, and the probe can travel radically straight, but not at the same angle as the turbine blade. Thus the probe blockage effect is largely reduced. The turbine 4/4 chord flow field data is critical in determining the size of the core flow separation, the turbine passage periodic flow decay, and the flow mixing mechanism downstream of the turbine blade trailing edge.
The rotating probe measurement system designed, developed, and used in this research is described in Dong (1998) . It consists of (1) a probe traversing mechanism to measure the flowfield at various chordwise and tangential locations, (2) a signal conditioner (amplifiers and battery) mounted on the rotating probe casing, (3) electrical conduits to transmit the data to slip-ring unit, and (4) a slip-ring unit. The probe design and data acquisition and processing systems in the stationary system are identical to those described earlier.
One of the most difficult problems encountered was in the design of the probe traverse system. The probe must be traversed both tangentially and radially relative to the blade passage. The probe is designed to be mounted on the pump shell at some specified location (percentage of the blade chord length, as shown in Fig. 1 ). The radial traverse of the probe is accomplished by a sliding sleeve, which has a series of index holes on its outer diameter. The sleeve can be translated (shell-tocore) in the pump shell and be fixed in incremental positions by a set screw, which engages the holes on the sleeve. The guide holes for the probe sleeve are manufactured at the specified locations on the pump shell and are aligned with the local blade angle. To carry out the tangential traverse, the blade system was designed to be rotated relative to the pump shell. The output signals of these transducers need to be amplified by low noise amplifiers. These amplifiers are powered by a DC power supply. For the rotating frame measurement, the signal has to be transferred from the rotating frame to the stationary frame, which is then processed through a data acquisition system (DAS-50 and 486 PC). The contribution to the electronic noise comes from the pressure transducer, the amplifier, the power supply, and the data acquisition system.
A slip-ring unit was used to transfer the electrical signal from the rotating frame to the stationary frame. This slip-ring unit is a customdesigned, high quality, brush-type unit. It has 37 channels, and the brushes and rings are made of gold alloy. At the shaft speed range from 0 to 1500rpm, the noise level of this slip-ring unit is about 5 to 7mV for a 3 to 5V level signal. This represents a signal noise ratio of 0.10% to 0.25%.
For the flow measurement, this noise level is acceptable after amplification, where the DC signal is about 3 to 5 V and the AC signal is about 20 to 50 mV. However, this noise is not acceptable before amplification, because it is even higher than the flow signal and will be amplified by the amplifier gain (250 in this system). Therefore, the amplifier and the transducer power supply have to be installed in the rotating frame before transmitting through the slip-ring unit.
A schematic of the electronic system of the rotating five-hole probe is shown in Figure 2 (1) (2) where D is the diameter of the torque converter, which is 245 mm, and Phub is the static pressure measured at the stator hub. The absolute stagnation pressure is defined as:
where (Po)a is the absolute stagnation pressure, P is the static pressure, and Vo is the absolute total velocity.
In a rotating system, the rotary stagnation pressure is defined as:
(Po)r P + pW2o
where U is the local blade speed, P is the static pressure, and Wo is the relative total velocity.
For incompressible, inviscid flow, the value of P* is constant along a streamline. For the viscous flow, the change of this parameter between two points on the same streamline represents the viscous loss.
Unsteady Flow Field Data Processing
The unsteady flow field data processing procedure used here is as follows:
(1) Calculate the instantaneous pressure of the five holes (P1, P2, P3, P4, Ps) from the instantaneous voltages using the pressure transducer calibration curves.
(2) Calculate the instantaneous flow parameters ((Po)r, P, (Wo)t, Wz, fl) from the pressure using the five-hole probe calibration. Since the data acquisition system is clocked by the shaft encoder, every instantaneous pressure measurement was recorded during each revolution. After all the instantaneous pressure measurements were acquired for the particular survey point, the instantaneous flow parameters were calculated from the pressure. Using the phase-lock averaging technique, the flow parameters were then ensemble averaged at each survey point of one revolution, according to"
where G is the ensemble-averaged pressure, and n is the total number of measurement in that particular survey point. The unresolved component for each flow parameter can then be calculated as G' Gi--- at this operating condition. There is a pressure loss from the turbine trailing edge to the exit measurement location. The radial distribution of blade-to-blade mass averaged absolute stagnation pressure from the turbine inlet to the turbine exit (SR --0.6) is shown in Figure 6b . It is clear that the turbine receives a much higher total pressure at the shell than at the core. This is caused by the nearly separated flow near the core at the pump exit.
In addition, there is approximately 50% greater pressure drop near the shell as compared to the core. Also there is a greater drop associated with the first half of the turbine passage duct, particularly near the shell. This can be attributed to the inlet flow field, with high pressure and velocity fluid near the shell. It can also be seen that the total pressure in the second half of the turbine is much more uniform from core to shell than is the first half. The possible cause is the intense mixing caused by the secondary flow, which tends to provide more uniform pressure distribution at the exit.
Furthermore, there is some pressure drop from the turbine 4/4 chord to the turbine exit, this represents the pressure loss due to the trailing-edge wake decay, dissipation of the secondary kinetic energy as well as turbulence kinetic energy. All these factors could collectively result in pressure loss downstream of the turbine trailing edge. The pressure loss is high near the shell and low near the core region, this is due to high velocity and high pressure near the shell at the turbine trailing edge location and this gives high mixing losses.
Relative Total Velocity (Wo)t Field
The contour plots of the relative total velocity are shown in Figure 7 . At the turbine 1/4 chord, the relative total velocity is high near the shell and low near the core/suction corner. The flow is nearly uniform in the blade-to-blade direction. A low velocity region is observed near the core. This is mainly caused by the non-uniform flow at the exit of the pump, where low velocity is observed near the core (Dong, 1998 It is clear by comparing the data in Figure 4 , 5 and 7 that the static pressure drop and relative velocity change from the turbine 1/4 chord to the mid-chord is not significant, while the stagnation pressure drop is substantial (approximately 50% drop in normalized total pressure). This shows the major influence of radius change and the rotation effect (Coriolis and centrifugal forces). The flow turning effect is augmented substantially by these rotation effects.
The radial distributions of blade-to-blade relative total velocity from the pump exit to the turbine exit are shown in Figure 8 . It is clear that the change in relative total velocity from the pump exit to the turbine exit is relatively small. The drop in absolute stagnation pressure is caused predominantly by the centrifugal and the The most noticeable feature is that the turbine inlet velocity is significantly higher than those at the other four planes. It is important to recall that the turbine inlet measurements were taken in the gap between the pump and turbine and not at the leading edge of the turbine. The higher relative total velocity can be explained by considering velocity triangles. The total velocity still contains a large tangential component created by the pump, which has a higher rotational speed. Thus, there is high angular momentum at the turbine inlet. At the turbine exit, the turbine also imparts a high relative tangential velocity. Thus, the relative total velocity would be high at the exit as well.
However, the turbine rotates much more slowly than the pump, and the velocities are not as high as the inlet velocities. The contour plots of through flow velocity are shown in Figure 9 . The through flow velocity is the velocity component perpendicular to the measurement plane.
The overall trend in the through flow velocity distribution is very similar to that of the total velocity field (Fig. 7) . A "jet-wake" flow structure is observed at the turbine 1/4 chord and the turbine mid-chord. At the turbine 1/4 chord, mass flow is concentrated near the shell region, and a One reason for the low velocity region at the turbine 1/4 chord (Figs. 7 and 9 ) is the pump exit flow and the high incidence angle at the turbine leading edge. Due to the "jet-wake" flow structure inside the pump passage, the velocity is high near the shell and very low near the core region at the pump exit. In addition, the incidence angle at the turbine leading edge is about 15 This probably causes flow separation at the core/suction side corner at the turbine 1/4 chord. As the flow progresses from the turbine 1/4 chord to the turbine mid-chord, the meridional curvature and camber curvature effect begins to dominate. The secondary flow tends to redistribute the flow field. This may cause the low velocity region to move from the core to the suction side as the flow progresses. As the flow continues from the turbine mid-chord to the turbine trailing edge, the meridional curvature effect continues to influence the flow field. The flow near the core region accelerates due to the convex curvature, and the flow near the shell region decelerates. As a result of this, flow reattaches before the turbine trailing edge near the core. This is also augmented by the secondary flow.
Relative Flow Yaw Angle (/t) Field
The contour plots of the yaw angle measured by the rotating five-hole probe are shown in Figure 10 .
At the turbine 1/4 chord, the blade angle is 48.12 , and at the turbine mid-chord it is 0. The large overturning at the turbine 1/4 chord can be attributed to large positive incidence and mismatch between the pump exit flow and turbine inlet flow. The core flow region has very low (Fig. 5) ; confirming the earlier conclusion regarding the dominant effect of centrifugal and Coriolis forces.
The blade angle at the turbine 4/4 chord is -58.47 , and the relative flow yaw angle contour plot at this location shows that the flow is well aligned with the turbine blade. The maximum deviation angle is about 11 near the core/suction corner and the middle of suction side. The presence of large deviation angle at these two areas can be attributed to the residual effect of possible flow separation, which plays a very significant role at the turbine 1/4 chord and turbine mid-chord..
Rotary Stagnation Pressure (P*) Field
The contour plots of rotary stagnation pressure are shown in Figure 11 Overall, it can be concluded from the rotary stagnation pressure contour plots that there are higher losses at the first half of the turbine passage than the second half, and possible flow separation is the major sources of loss.
The radial distributions of blade-to-blade aver- ( Fig. 8) In addition, the relative stagnation pressure is low near the core region at all measurement planes. This feature may be attributed to several factors. First, this low stagnation pressure may be caused by the "jet-wake" flow structure at the pump exit, which causes low pressure rise near the core region inside the pump passage. Second, the low stagnation pressure near the core is attributed to the low mass flow near the core region, which is typical in mixed flow turbomachines. Finally, there exists flow separation near the core region. This causes higher losses, resulting in low stagnation pressure near the core region.
Blade-to-blade Averaged Rotary Stagnation Pressure (e*)b
The radial distribution of blade-to-blade averaged rotary stagnation pressure (P*)b for speed ratio 0.6 is shown in Figure 13 . This quantity represents the Figure 9 . The magnitude of the unsteady level in the free stream regions is only about 20-30% of that observed in the flow separation region. This indicates that the low pressure, low velocity region may be separated, and these may be the regions that contribute to the high losses and inefficiency.
CONCLUSION
From the data presented at the design condition (SR=0.6), the following conclusions can be drawn:
(1) Upstream pump exit flow field has a dominant effect on the flow field in the entrance region of the turbine passage; however, these effects 
